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SECTION  I 


INTRODUCnON 


Current  empirical  relationships  fw  predicting  soil  pressure  as  a  fiuiction  of  standoff 
distance  from  a  buried  explosive  typically  have  a  variation  of  ±  50%  or  more  and  use  material 
properties  data  based  on  ccmventicmal  weapons  effects  in  drv  soils.  However,  most  smls, 
whether  naturally  deposited  or  placed  as  select  engineered  fill,  exist  widi  moisture  at  saturations 
somewhere  between  0%  and  100%.  The  teactitm  of  a  structure  to  a  specified  loading  can 
usually  be  determined,  however,  there  are  no  theoretical,  numerical  or  empirical  methods 
available  for  predicting  the  groundshock  energy  arriving  at  a  structure  in  unsaturated  soils. 
This  arises  from  the  fact  that  dynamic  load  transfer  mechanisms  in  soils  are  not  well  defined 
especially  when  moisture  is  present  In  addition,  there  is  little  if  any  actual  data  available  for 
the  transient  dynamic  behavior  of  unsaturated  soils,  particularly  at  high  strain  rates. 

The  ability  of  a  soil  to  transmit  {q)plied  dyiuunic  stresses  (energy)  is  of  particular 
interest  to  the  U.S.  Air  Force  with  respect  to  military  protective  construction  and  survivability 
designs.  Typical  engineering  analyses  assume  diat  little  ot  no  material  property  chants  occur 
under  dynamic  loadings  and  in  addition,  analyses  do  not  account  for  the  effects  of  saturation 
(moisture  conditions)  on  the  stress-strain  behavior  of  soils.  This  is  primarily  due  to  an 
incomplete  understanding  of  soil  behavkn*  under  transient  loadings  and  uncertainties  about  field 
boundary  conditions.  Results  fnxn  U.S  Air  Force  freld  and  laboratory  tests  with  explosive 
detcHiations  in  soils  have  shown  that  material  property  changes  do  in  fact  occur  and  that 
variations  in  soil  stiffness  (or  coiiq)tessibility)  significantly  affect  both  dynamic  and  static 
stress  behaviOT.  The  research  described  in  this  reptxt  is  inqx)rtant  to  the  U.S.  Air  Ftxce  since 
there  are  currently  no  theoretical,  empirical  or  numerical  methods  available  for  predicting  the 
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dynamic  uniaxial  stress-strain  response  of  unsaturated  soils  from  loading  environments  siK;h  as 
those  producc>l  by  conventional  weapons  effects. 

Recent  research  (2,  3,  9,  25-29)  using  the  SHPB  facility  at  AFCESA/RACS  to  study 
unsaturated  soil  behavior  has  shown  that;  (a)  the  presence  and  amount  oi  moisture  significantly 
affects  the  dynamic  and  static  response  of  soil  specimens;  and  (b)  the  amount  of  stress 
transmitted,  stiffness,  wave  speed  and  compressibility  in  unsaturated  soils  varies  with  the 
amount  of  moisture  present  during  compaction.  Experimental  evidence  from  a  number  of 
researchers  suggests  that  such  behavior  for  both  dynamic  and  static  loading  condidtxis  can  be 
attributed  to  variations  in  soil  compressibility  and  soil  microstructure  as  a  result  of  conditions 
during  compaction  including  the  compaction  method  used  and  the  amount  of  moisture  present 
during  compaction  (2,  3,  5, 9,  IS,  16,  18-23, 25-29,  32).  While  the  effects  moisture  cm  soil 
behavior  as  described  above  have  been  observed  experiirrentally,  a  clear  and  concise 
explanation  of  the  phentHnenon  is  not  currently  available.  This  is  primarily  due  to  die  fact  that 
the  multiphase  behavior  of  unsaturated  soils,  the  interaction  between  the  individual  phases  (air, 
water  and  solid),  and  the  mechanics  of  load  transfer  mechanisms  in  soils  are  not  well 
understood. 

The  research  described  herein  was  perfumed  as  a  part  of  the  1992  Summer  Faculty 
Research  Program  (SFRP)  to  investigate  the  undrained  behavior  of  unsaturated  soils  subjected 
to  dynamic  confined  uniaxial  compression  loading  at  high  strain  rates  using  the  Split- 
Hc^ldnson  Pressure  Bar  (SHPB)  at  AFCESA/RACS.  The  SHPB  device  can  be  used  to 
examine  the  influence  of  selected  parameters  on  the  dynamic  response  of  many  engineering 
materials  including  soils,  ^th  reference  to  this  research,  the  term  "dyruunic"  defines  large 
amplitude,  high  strain  rate  loadings  as  opposed  to  the  low  strain  oscillatory  frequency  pulses 
used  in  wave  attenuation  studies.  The  results  of  studies  such  as  that  described  herein  will  lead 
to  a  better  fundamental  understanding  of  the  load  transfer  mechanisms  and  constimtive 
relaticMiships  for  unsaturated  soils  and  have  direct  applications  to  groundshock  prediction 
techniques  including  stress  transmisskxi  to  structures. 
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A.  RESEARCH  OBJECTIVES 


The  primaiy  objective  of  the  summer  research  was  to  study  the  uniaxial  stress-strain 
behaviOT  of  compacted  moist  soils  under  one-dimensional,  undrained,  confined  compressitm 
loading  at  high  strain  rates  using  the  SHPB  at  AFCESA/RACS.  The  SHPB  testing  system  has 
been  successfully  used  to  evaluate  metals,  concrete,  composites  and  foams  at  high  rates  of 
strain  and  the  work  described  herein  included  the  development  of  special  equipment  and 
techniques  for  using  the  SHPB  with  soils  for  which  limited  testing  has  been  done.  Particular 
emphasis  was  on  examining  the  influence  of  saturation  and  strain  rate  on  dynamic  soil 
behavicv.  The  *  search  described  is  important  to  the  U.S.  Air  Fnce  since  there  are  currendy 
no  theoetical,  en:q)irical  or  numerical  methods  availaUe  for  predicting  the  dynamic  stress-strain 
response  of  unsaturated  soils  to  conventi^tial  weapons  loading  environments  and  such 
information  is  needed  for  more  rational  military  protective  construction  and  survivability 
designs. 

B.  BACKGROUND 

Differences  in  the  stress-strain  response  fc»'  dry  and  moist  soils  under  both  dynamic 
and  static  one-dimensional  loading  conditions  have  been  observed  experimentally  by  a  number 
of  researchers  at  various  strain  rates.  Farr  and  Woods  (6)  accurately  describe  the  current  state 
of  ai^airs  with  regards  to  the  uniaxial  stress-strain  behavior  of  soils:  "It  has  long  been 
recognized  that  the  one-dimensional  or  uniaxial  strain  reqxmse  of  nx>st  st^s  subjected  to  high 
intensity  transient  loads  differs  from  the  re^nse  measured  under  static  ccxiditions.  As  the 
time  to  peak  pressure  decreases,  most  soils  exhibit  a  stiffening  of  the  loading  stress-strain 
response.  The  stiffening  is  usually  referred  to  as  a  time  (H’  loading  rate  effect  Some 
researchers  (14,  30,  31)  have  suggested  that  as  the  time  to  peak  pressure  approaches  the 
sulmillisecond  range,  a  drastic  increase  (up  to  tenfold)  in  the  loading  constrained  modulus 
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occurs  for  partially  saturated  granular  soils  under  unconsolidated-undrained  coiulitions.  The 
existence  of  this  effect  has  been  the  subject  of  much  debate."  A  number  of  researchers  have 
attempted  to  address  the  controversy  surrounding  the  issue  of  strain  rate  effects  in  both  dry  and 
unsaturated  soils. 

Hendron  (12)  conducted  one-dimensional  ctmfined  compression  tests  on  dry  sands  at 
very  low  loading  rates,  noting  that  the  shape  of  the  stress-strain  curves  became  nxne  S-shaped 
with  increasing  stress  levels.  Whitman  et  al.  (31)  also  observed  the  typical  S-shaped  curve  for 
dry  sands  and  propose  the  following  order  of  events  with  increasing  applied  load  to  describe 
this  behavior:  initially,  deformations  occur  at  the  grain  contact  points  as  the  individual  grains 
deform;  this  is  followed  by  a  decrease  in  resistance  to  straining  as  the  grains  slide  relative  to 
each  other,  finally,  an  increase  in  resistance  to  straining  occurs  as  the  grains  rearrange  into  a 
denser  packing.  Such  behavior  has  been  demonstrated  theoretically  from  an  analysis  of  a 
regular  array  of  elastic  spheres  and  has  been  shown  to  be  dependent  on  the  confinement 
boundary  ccxiditions  (24).  For  a  condition  of  zero  lateral  strain,  the  stress-strain  curve  exhilnts 
a  "strain  hardening"  effect  with  increasing  stress  (curve  is  concave  towards  the  stress  axis).  In 
addition.  Whitman  et  al.  (31)  noted  an  increase  in  modulus  with  decreasing  time  to  peak 
loading  for  rise  times  ranging  from  the  millisecond  to  seconds  range  attributed  the  stiffening 
response  to  strain  rate  effects. 

High  pressure  static  uniaxial  confined  compression  tests  were  conducted  on  moist 
specimens  of  sandy  silt  at  various  dry  densities  by  Hendron  et  al.  (13).  They  observed 
increases  in  stiffness  with  increasing  saturatimi  (Figure  1)  and  from  their  results,  concluded 
that  the  key  variables  in  uniaxial  stress-strain  behavior  are  void  ratio  and  saturation.  Wu  et  al. 
(32)  tested  moist  silty  soils  at  small  strains  in  the  resonant  column  device  and  found  a 
significant  increase  in  the  dynamic  shearing  nxxlulus  fw  specimens  ccxnpacted  moist  at 
saturations  in  the  range  of  from  5  to  20%  (Hgure2).  Whitnuui  (30)  indicated  dtat  rate  effects 
become  very  impcnlant  at  submillisecond  loading  times  and  theorized  that  at  high  saturations, 
the  pore  phase  of  the  soil  is  much  stiffer  than  the  soil  skeleton  (pore  fluid  compressibility 
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FIGURE  I.  Uniaxial  Compression  Stress-Strain  Response  for  Sandy  Silt  as  a  Function  of 
Saturation  (Hendron  et  at.  (IS)). 


FIGURE  2.  Low  Amplitude  Shear  Modulus  as  a  Function  of  Saturation  for  Glacier  Way 
Silt  (Wu  et  a!.,  (32)). 
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dominates),  while  at  lower  saturations  the  skeleton  matrix  is  stiffer  than  the  pme  phase 
(skeleton  compressibility  dominates).  Jackson  et  al.  (14)  conducted  unconsolidated-undrained 
one-dimensional  confined  compression  tests  on  several  different  air  dry  st^s  at  various  loading 
rates  and  observed  loading  rate  effects  at  submillisecond  loading  times,  with  the  cmistrained 
noodulus  increasing  by  an  (xder  of  magnitude  in  going  frcHU  0.1  to  1.0  ms  rise  time  to  peak 
stress.  Farr  and  Woods  (6)  used  a  modifled  version  of  Jackson  et  al.'s  (14)  experimental 
apparatus  to  conduct  similar  tests  on  moist  carbonate  sand.  They  observed  a  progressive 
stiffening  in  the  stress-strain  response  with  faster  loading  times  to  peak  stress  and  noted  rate 
dependent  effects  occurred  even  at  multi-sec(»d  loading  rates  for  the  carbonate  sand. 

Limited  research  has  also  been  conducted  using  the  Split-Hopkinson  Pressure  Bar  to 
study  the  uniaxial  stress-strain  behavior  of  compacted  moist  soil  under  one-dimensional 
confined  compression  loading  at  high  strain  rates  (7,  8,  1 1).  The  results  of  these  studies 
indicated  that  the  uniaxial  stress-strain  response  is  primarily  governed  by  the  initial  gas  filled 
porosity  of  the  soil  specimen,  and  that  strain-rate  effects  did  not  occur  at  strains  less  than  the 
initial  gas  filled  porosity.  However,  it  should  be  noted  that  the  specimen  container  boundary 
conditions  were  not  fcH*  completely  undrained  conditions  and  therefore,  this  may  have  had 
significant  effects  on  the  results.  The  SHPB  at  AFESC/RACS  (9,  25-29)  has  also  been  used 
to  study  stress  transmission  characteristics  of  unsaturated  soils  for  conditions  of  undrained 
ccmfined  uniaxial  conqiressioiL  The  AFCESA/RACS  facilities  and  equipment  were  used  in  die 
research  described  in  this  report  to  examine  the  undrained  uniaxial  ctxi^ressive  behavior  of 
unsaturated  soils  at  high  strain  rates.  Detailed  information  about  the  SHPB  device  at 
AF(ZESA/RACS  and  results  of  recent  investigations  to  study  dynamic  soil  behaviOT  can  be 
found  in  the  references  cited  above. 
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SECTION  n 


EXPERIMENTAL  INVESTIGATION 

A.  DESCRIPnON  OF  SOILS  TESTED 

Three  different  granular  soils  were  tested  using  the  AFCESA/RACS  SHPB  facility: 
Eglin  sand  (from  Eglin  AFB),  Tyndall  sand  (from  Tyndall  AFB),  and  Ottawa  20-30  sand 
(commercially  available  from  the  Ottawa  Silica  CcHnpany).  Representative  soil  samples  were 
randomly  obtained  for  analysis  and  testing  from  bulk  quanddes  of  each  material  using  standard 
sample  splitting  procedures.  The  Eglin  sand  is  a  medium  to  fine,  angular  to  subangular  sand 
with  about  7%  fines;  the  Tyndall  sand  is  a  fine,  unifram,  subangular  sand  with  no  fines;  and 
the  Ottawa  20-30  sand  is  a  uniformly  graded,  subrounded  to  rounded,  medium  sand  with  no 
fines.  Various  physical  index  prqierdes  data  were  obtained  for  each  sand  and  the  results  are 
summarized  in  Table  1.  A  C(xiq)aris(m  of  the  grain  size  distributions  is  shown  cm  Hgure  3. 

B .  PREPARATION  OF  COMPACTED  SOIL  SPECIMENS 


Specimens  of  the  Ottawa  20-30  sand  were  dynamically  conquicted  to  a  constant  dry 
density  at  varying  degrees  of  saturatkm  (different  initial  mmstuie  contents)  in  a  7.62  cm  (6.00 
inches)  kmg,  2.54  cm  (1.00  inch)  diick  seamless  stainless  steel  ccmtainer  which  had  an  inside 
diameter  of  5.08  cm  (2.00  inches).  The  thick-walled  stainless  sted  tube  was  used  to  gimnlate 
the  one-dimrasicmal,  confined  uniaxial  loading  conditicm  typically  encountered  near  e]q>losive 
detonations  in  Ac  field.  Soil  qmcimens  are  held  in  die  ccmtainer  by  two  0.635  cm  (0.250  inch) 
thick  stainless  steel  wafers  fitted  with  o-ring  seals  used  to  prevent  drainage  of  pore  fluid  during 
conqpactkm  and  testing.  One  wafer  is  inserted  prior  to  cooqiaction  and  the  odier  cme  after 
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TABLE  1.  Physical  Properties  of  Eglin,  Tyndall  and  Ottawa  20*30  Sands. 


Eglin 

wmmmmm 

*USCS  Qassification 

SP-SM 

SP 

SP 

Specific  Gravity 

2.65 

2.65 

?65 

D50  Particle  Size  (mm) 

0.26 

0.19 

(  m 

3.41 

1.18 

.  vO 

"Q 

1.29 

0.95 

1.03 

<^ercent  passing  #100  sieve  (%) 

12 

2 

<1 

<^ercent  passing  #200  sieve  (%) 

7 

0 

0 

Maximum  dry  density  (kg/m^) 

1,670 

1,630 

1,720 

^nimum  dry  density  (kg/m^) 

1,450 

1,450 

1,560 

Maximum  v(^  ratio 

0.817 

0.817 

0.705 

Minimum  void  ratio 

0.590 

0.621 

0.545 

Note:  ^Unified  Soil  Classification  System  (1) 

l<ki^icient  of  Unifonnity 
<<k)ef{icient  of  Curvature 

4u.S.  Standard  Sieve 
«ASTMD4253(1) 
fASTM  D4254  (11 
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FIGURE  3.  Grain  Size  Distributions  for  Eglin,  Tyndall  and  Ottawa  2(b30  Sands. 


compaction  is  completed.  Special  care  is  taken  when  placing  the  second  wafer  after 
C(Hiq>action  to  ensure  full  contact  with  the  specimen.  Figure  4  shows  a  compacted  q)ecimen 
prepared  for  testing  in  the  SHPB. 

A  Standard  Procter  hammer,  ASTM  D-698  (1),  was  used  to  consistently  apply  a 
ctmtrolled  amount  of  compactive  effort  per  inq)act  to  each  soil  qjecimen  (7.5  Joules  or  5.5  ft- 
Ibs  per  impact).  All  test  specimens  were  formed  using  a  single  individually  compacted  layer 
such  that  a  final  specimen  length  of  1.27  cm  (0.50  inches)  or  0.635  cm  (0.25  inches)  would  be 
obtained  at  the  maximum  dry  density  for  each  soil.  Saturations  were  varied  from  0%  to  100% 
for  each  soil. 

In  preparing  moist  specimens,  the  required  amount  of  water  for  a  given  degree  of 
saturation  (at  final  compacted  density)  was  added  to  the  originally  dry  sc^,  thoroughly  mixed 
in  and  then  allowed  to  equilibrate  before  oxnpacting.  Although  the  dry  density  was  constant 
for  each  specimen,  the  amount  of  compactive  effort  required  varied  with  the  anoount  of 
moisture  (saturation).  For  specimens  ranging  from  0%  to  about  80%  saturatitH),  die  tests  were 
conducted  on  unsaturated  specimens  which  implies  that  both  omtinuous  air  and  water  phases 
exist  in  the  soil  (e.g.,  there  are  no  isolated  air  or  water  pockets  in  the  grain  matrix).  For  most 
soils,  this  generally  occurs  at  saturations  less  than  about  85%  (4).  Fully  saturated  specimens 
(no  air),  were  also  prepared.  Fot  dry  specimens,  the  dry  soil  was  poured  directly  into  the  tube 
and  then  conqiacted. 

C.  SPUT-HOPKINSON  PRESSURE  BAR 

Hgure  5  shows  an  overview  the  AFCESA/RACS  Split-Ht^ldnscm  Pressure  Bar 
testing  facility  which  consists  of  several  separate  but  intimately  related  componoits:  (a)  a 
dynamic  loading  systm  which  includes  a  nitrogen  pressurized  cannon  used  to  fire  5.08  cm 
(2.(X)  inch)  diameter  stainless  steel  projectiles  (striker)  d  varying  loigths  at  the  incident  bar,  (b) 
a  stainless  steel  incident  bar  5.08  cm  (2.00  inch)  in  diameter  and  3.66  m  (12  feet)  in  Iragtfa;  (c) 
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FIGURE  4.  SchenuUie  of  Compacted  Soil  Specimen  in  the  SpUt-HopUnmn  Fretsure  Bar. 


INODBNTBAR 


FIGURE  5.  SehenuOe  cfSpUt-Hoj^diaon  Pnisurt  Bar  Test  FaeUUy. 


a  stainless  steel  transmitter  bar  S.08  cm  (2.00  inch)  in  diameter  and  3.3S  m  (1 1  feet)  in  length; 
(d)  electronic  strain  gage  instrumentation  with  power  supplies  and  amplifiers;  (e)  a  digital 
storage  oscilloscope  fOT  data  acquisition;  and  (0  a  desktop  coo^uter  for  data  reducticm  and 
analysis. 

A  series  of  tests  was  conducted  on  the  Eglin,  Tyndall  and  Ottawa  20-30  sands  at 
varying  degrees  of  saturation  between  0%  and  100%  and  at  two  different  strain  rates  (Tyndall 
sand  was  only  tested  at  (me  strain  rate  -  lOOQ/sec).  Strain  rates  were  approximately  1000/sec 
and  2(X)Q/sec  which  were  obtained  by  testing  compacted  specimens  of  two  different  lengths; 
1.27  cm  (0.50  inches)  or  0.635  cm  (0.25  inches),  respectively.  In  all  tests,  a  0.653  m  (25.7 
inch)  long  striker  was  fired  at  a  cannon  pressure  of  690  kPa  (100  psi),  which  produced  a 
square  wave  input  stress  of  approximately  225  MPa  (37,000  psi)  with  a  rise  time  to  peak  stress 
on  the  order  of  50  microseconds  and  a  257  microseccmd  pulse  width,  llie  same  camum 
pressure,  striker  bar  length  and  specimen  container  were  used  in  all  tests  for  each  sand. 


13 


SECTION  m 


RESULTS  AND  DISCUSSION 


The  SHPB  system  provides  measumnents  of  the  incident,  reflected  and  transmitted 
strains  in  the  incident  and  transmitter  bars  through  electrcxiic  strain  gage  instrumentation  and 
therefcnre,  direct  measurements  of  stress  and  strain  within  the  specimen  itself  are  not  made 
(Figures  4  and  S).  The  average  strain,  average  strain  rate  and  average  stress  in  the  SHPB 
specimen  can  be  determined  from  the  strain  gage  data  using  the  following  relaticmships  derived 
from  elastic  thewy  for  oae-<limensi(mal  stress  wave  pn^agaticm  in  a  rod  (17, 25): 


Average  specimen  strain: 

• 

(Eq.  1) 

Average  specimen  strain  rate: 

II 

(Eq.2) 

Avoage  ^)ecimen  stress: 

A 

II 

(Eq.3) 

where:  L,  is  the  initial  qiecimen  length,  c,  is  the  wave  propagation  velocity  of  the  incident  and 
transmitter  bars,  E  is  Young's  modulus,  and  ^  ^  and  ^  are  the  incident,  reflected  and 

transmitted  strains,  respectively. 

The  derivation  of  Eqns.  1, 2  and  3,  assumes:  a)  the  incident  and  transmitter  bars  are  of 
same  material  (i.e.,  they  have  the  same  wave  speed);  b)  loading  stresses  are  in  Ae  elastic  range 
of  the  bars;  c)  a  unifevm  one-dimensi<mal  stress  state  is  devel<^>ed  in  Ae  specimen;  d)  the 
forces  on  each  end  ot  the  ^lecimen  are  equal;  and  e)  the  cross-sectioiial  areas  ctf  the  bars  and 
the  specimen  are  equal.  These  equations  are  used  in  analyzing  Ae  raw  data  to  develc^  the 
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uniaxial  stress-strain  curves  (Figures  6  and  7).  The  data  analysis  includes  a  dispersion 
ctnrection  to  account  fcx'  wave  spreading  in  the  bars  and  an  FFT  using  17  point  smoothing 
(n=17). 

Figures  8, 9  and  10  show  the  uniaxial  stress-strain  results  for  the  Eglin,  Tyndall  and 
Ottawa  20-30  sands,  respectively.  Data  were  obtained  for  dte  Eglin  and  Ottawa  20-30  sands  at 
strain  rates  of  l(XX)/sec  and  2000/scc,  while  the  Tyndall  sand  data  were  only  obtained  at  a 
strain  rate  of  KXXVsec.  In  addition,  there  were  some  difficulties  in  obtaining  reliable  data  for 
the  Ottawa  20-30  sand  at  100%  saturaticHi,  thereftne  those  data  have  not  been  included.  There 
are  some  general  features  observable  in  the  stress-strain  data:  a)  an  initially  steep  loading 
portion  of  the  curves  which  is  probably  associated  with  the  initial  rise  in  the  loading  pulse  and 
t^pears  to  be  strain  rate  independent;  b)  the  slc^s  of  each  curve  are  about  the  same  after  the 
initial  steep  portion  up  to  the  lock-up  strain;  c)  the  initial  saturation  affects  the  point  at  which 
lock-up  occurs  (the  higher  the  initial  saturation,  the  smaller  the  strain  required);  and  d)  after 
lock-up  the  curves  exhibit  a  stiffening  response  with  a  slope  approximately  that  of  pure  water 
(Figure  1 1).  In  comparing  the  test  results  at  different  strain  rates,  it  appears  that  there  may  be 
some  strain  rate  effects,  however,  die  data  are  insufficient  to  adequately  demonstrate  this  and 
further  investigations  are  required.  The  data  lU  a  strain  rate  of  2000/sec  show  increasing 
dispersion  (waviness)  in  the  curves  fcM*  the  Eglin  sand,  being  much  less  for  the  Ottawa  20-30 
sand.  The  dispersion  effect  is  most  likely  due  to  the  significant  differences  in  particle 
characteristics  of  each  soil  (grain  size,  shi^ie  and  size  distribution),  and  it  may  also  be  that  die 
small  specimen  length  is  approaching  some  limiting  value  in  terms  of  particle  size  relative  to 
loading  pulse  lengdi. 

In  cooqMuing  the  three  different  soils  together  it  can  be  seen  that:  a)  the  slopes  of  the 
curves  after  the  initial  ste^  portion  are  nearly  identical  regardless  of  the  initial  saturation  and 
scnl  type;  b)  the  initiatkxi  oi  the  lock-up  strain  is  sewoewhat  dififnent  for  each  soil  at  the  same 
saturation;  c)  lock-up  was  not  developed  in  die  Ottawa  20-30  sand  below  80%  saturation. 
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STRESS. MPa:  STR-flATE. 1/3:  STRAI 


FIGURE  6.  Typical  SHPB  Data  for  Incident,  Reflected  and  Transmitted  Stresses  as  a 
Function  of  Time  for  Uniaxial  Compressive  Loading. 


O.Oa  SO.Oua  tOO.Oua  ISO.Oua 

TIME 


FIGURE  7.  Typical  SHPB  Data  for  Strain,  Strain  Rate  and  Stress  os  a  Function  of  Time 
for  Uniaxial  Compressive  Loading. 


16 


EGLIN  SAND 

L=12  7mm.  D=50  5mm.  STRIKER-0  635m 


0  2  4  6  8  10  12  14  16 


COMPRESSIVE  STRAIN,  % 

FIGURE  8a.  SHPB  Uniaxial  Undrained  Compressive  Slress~SlraiH  Response  for  Eglin 
Sand  as  a  Function  of  Saturation  (Strain  Rate  is  Approximately  1 000! see). 


EGLIN  SAND 

U6  35mm.  D=50  8mm.  STRIKER-0  635m 


FIGURE  8b.  SHPB  Uniaxial  Undrained  Compressive  Stress-Strain  Response  for  Eglin 
Sand  os  a  Function  of  Saturation  (Strain  Rate  is  Approximately  lOOOIsee). 
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FIGURE  9.  SHPB  Uniaxial  Undrained  Compressive  Stress-Sirain  Response  for  Tyndall 
Sand  as  a  Function  of  Saturation  (Strain  Rate  is  Approximately  lOOOIsee). 


TYNDALL  SAND 

L*12.7mm.  0=50.8mm,  STRIKER=0  653m 


1 


OTTAWA  20-30  SAND 


FIGURE  lOa.  SHPB  Uniaxial  Vndralned  Compressive  Stress-Strain  Response  for  Ottawa 
20-30  Sand  os  a  Function  of  Saturation  (Strain  Rale  Is  Approximately  lOOOIsee). 
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L-6.35mm  0=50  8fnm  STRIKER=0  653m 
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FIGURE  10b.  SHPB  Uniaxial  Undraiaed  Compressive  Stress-Strain  Response  for  Ottawa 
20-30  Sand  as  a  Function  of  Saturation  (Strain  Rate  Is  Approximately  lOOOIsec). 
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FIGURE  II.  SHPB  Uniaxial  Undralned  Compressive  Stress-Strain  Response  for  Water 
(Strain  Rate  is  Approximately  lOOO/see). 
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Differences  in  the  basic  features  between  the  curves  when  comparing  the  three  different  soils 
are  most  likely  due  to  differences  in  grain  size  characterisdcs  (i.e.,  size  and  distribution). 

The  term  "lock-up"  as  used  herein  refers  to  the  sharp  increase  in  the  slope  indicating  a 
stiffening  bdiavior  of  the  stress-strain  curve  at  stxne  compressive  strain  (after  die  initial  loading 
portion  of  the  curve).  Since  the  slope  is  i^roximately  that  obtained  for  SHPB  tests  conducted 
cm  pure  water  (the  saturated  soil-water  mixture  slopes  are  slightly  greater  than  that  for  water 
due  to  density  differences),  die  lock-up  strain  represents  a  condition  of  full  saturation  in  the  soil 
due  a  reduction  in  void  space.  Therefore,  the  results  suggest  that  the  stress-strain  response  is 
dmninated  by  the  water  phase  (saturated  soil-water  mixture)  from  the  initiation  of  the  lock-up 
strain  and  beyond,  while  the  soil  skeleton  (unsaturated  soil-water  mixture  or  soil-air  mixture  if 
dry)  dominates  the  response  from  the  start  of  loading  up  d>  the  lock-up  strain.  Lock-up  was 
not  developed  at  lower  saturatitms  even  at  large  strains,  which  indicates  that  insufficient  ptxre 
space  reducticHi  occurred  (i.e.,  not  enough  ccanpressive  strain  was  develt^ied).  TherefcMO, 
larger  amplitude  stress  loadings  (higher  compressive  strains)  with  longer  pulse  lengths  need  to 
be  implied  so  that  the  stress-strain  response  at  the  lower  saturations  can  be  determined. 

Table  2  shows  a  comparison  of  the  approximate  measured  lock-up  strains  estimated 
frrom  the  SHPB  data  (Figures  8,  9  and  10)  and  the  theoretical  cmnpressive  strain  required  to 
reach  full  saturation  (i.e.,  lock-up).  The  thecaetical  calculatitxis  only  account  fev  the  amount  of 
air-filled  void  space  in  each  soil  based  on  iititial  void  space  and  initial  saturation.  The  results 
generally  do  not  agree  with  the  measured  compressive  strains  at  lock-up.  However,  the 
interactitm  of  the  various  components  of  the  soil-water  mixtures  are  not  accounted  for  in  these 
calculations.  Since  the  soil-water  mixture  represents  a  multi-phase  material,  a  complete 
description  of  the  problem  becomes  very  coixplex  since  in  general  there  are  frnir  different 
interacting  components  contributing  to  the  bulk  re^XMse:  a)  the  soil  skeleton;  b)  the  pore  air,  c) 
the  pore  water,  and  d)  the  individual  grain  stiffnesses.  While  the  individual  stress-strun 
response  of  each  cmnponent  can  be  determined  sq>arately,  it  is  their  intorelaticHiship  that 
detennines  the  overall  behavior.  A  further  complicating  factor  is  that  the  dominance  of  any  erne 
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(or  (XMXibination)  of  these  con^xHients  changes  depending  upon  the  initial  conditions  and  those 
during  loading  (i.e.,  strain  magnitude).  However,  these  interrelatitmship  are  not  well  defined 
OT  understood,  particularly  for  u-ansient  dynamic  loading  conditions. 

Even  though  this  investigation  is  not  exhaustive  in  extent,  it  does  shed  some  new  light 
(and  poses  new  questions)  on  the  undrained  dynamic  behavior  of  unsaturated  soils  at  high 
strain  rates  and  represents  an  impmtant  first  step  towards  establishing  an  understanding  oi  this 
phemunenon.  In  additimi,  this  research  has  also  demonstrated  that  the  SHPB  system  is  a 
viable  technique  for  high  strain  rate  dynamic  geotechnical  testing  of  unsaturated,  saturated  and 
dry  soils,  and  provides  a  framework  for  conducting  further  studies  using  the  SHPB  with  soils. 
While  the  saturation  dependent  uniaxial  stress-strain  behavior  observed  in  this  study  has  been 
theorized  and  hypothesized  in  the  past  by  other  researchers,  these  results  appear  to  be  the  first 
detailed  measurements  of  this  phenomenon  for  undrained  uniaxial  confined  compressive 
loadings  at  high  strain  rates. 
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TABLE  2.  Comparison  of  Approximate  Measured  Compressive  Strains  at 
Lock-Up  and  Theoretical  Compressive  Strains  to  Reach  SslOO%  Based  on 
Initial  Void  Ratio  and  Initial  Saturation. 


S  (%) 

EGLIN* 

TYNDALL** 

OTTAWA  20-30® 

e« 

E* 

e- 

e* 

0 

33.8 

(g) 

(g) 

39.5 

(g) 

(1) 

35.3 

(g) 

(g) 

20 

27.0 

(i) 

(g) 

31.6 

(g) 

(i) 

28.2 

(g) 

(g) 

40 

20.3 

(g) 

(g) 

26.7 

(g) 

(1) 

21.2 

(g) 

(g) 

60 

13.5 

7.5 

6.0 

15.8 

10.5 

(i) 

14.1 

(g) 

(g) 

80 

6.8 

3.0 

2.0 

7.9 

6.5 

(1) 

7.0 

6.0 

1.5 

100 

0.0 

0.5 

1.0 

0.0 

0.5 

(1) 

0.0 

7  (h) 

7  (h) 

Note:  t  Eglin  sand  at  initial  void  latio  »  0J510 

b  Tyndall  sand  at  initial  void  ratio  a  0.6S4 
c  Ottawa  20-30  sand  at  initial  void  ratio  =  0.S4S 

d  Theoretical  compressive  strain  required  to  obtain  $^100%  based  on  initial  void  space  and 
saturatkm.  For  SaO%,  this  represeius  a  condition  of  zero  air  vt^ 
e  Approximate  lock-iqi  compressive  strain  from  SHPB  data  for  strain  rate  s  lOOCVsec. 
f  Approximate  lock-up  compressive  strain  from  SHPB  data  for  strain  rates  2000/sec. 
g  Unable  to  obtain  lock-q}  strains  using  the  0.6S3  m  (25.7  inch)  projectile  at  690  kPa  (100  psi). 
h  Unable  to  obtain  reliable  data  for  Ottawa  20-30  sand  at  Ss  100%. 
i  Data  not  obtained  frir  Tyndall  sand  at  this  strain  rate. 
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SECTION  IV 


RECOMMENDATIONS 


The  understanding  of  load  transfer  mechanisms  in  unsaturated  soils  is  very  limited  at 
jvesent  Further  investigations  ate  necessary  and  will  provide  important  information  to  the 
U  S  Air  Force  with  req)ect  to  military  protective  ctmstruction  and  survivability  designs. 
Recommendations  for  further  research  include: 

1)  The  fundamental  aspects  of  load  transfer  mechanisms,  material  phase  interactions 
and  the  effects  of  boundary  conditions  in  ccunpacted  unsaturated  soils  should  be  examined  for 
both  static  and  dynamic  loading  amditions  in  a  comprehensive  experimental  testing  program. 
Such  a  program  should  include  the  following: 

a)  A  mote  detailed  investigation  stK)uld  be  undertaken  to  study  strain  rate  effects  in 
unsatura^  soils  using  the  SHPB.  In  addition,  centrifuge  tests  using  scaled 
explosive  charges  should  also  be  conducted.  Based  on  the  results  of  such 
studies,  data  will  be  available  for  numerical  and  thecnetical  model  development 
and  a  better  fundamental  understanding  of  tiie  phenomeix>n  can  be  obtained. 

b)  Numerical  experiments  should  be  conducted  to  model  the  behavior  of 
dynamically  loaded  unsaturated  soils  using  techniques  such  as  the  Distinct 
Element  Method  (DEM)  in  which  load  transfer  mechanisms  and  material  phase 
interactions  can  be  examined.  The  modeling  effort  would  be  guided  by  the 
expoimentally  derived  stress-strain  data  from  SHPB  and  oentrifii^  tests. 

2)  A  series  oi  fully  instrumented,  carefully  controlled  small  scale  field  explosive  tests 
should  be  conducted  in  close  coordination  with  additional  laboratory  studies.  Test  parameters 
should  itx:lude  variations  in  saturation,  conqnctkm  methods,  boundary  conditions  and  tqrpUed 
energy.  Field  instrumentation  should  provide  measurements  of  input  mergy,  soil  deformation 
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and  stress  and  transmitted  energy  as  a  minimum.  Results  will  be  useful  for  relating  laboratory 
and  field  measured  soil  behavior,  providing  valuable  iiq;>ut  for  material  noodels. 
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